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We used denaturing gradient gel electrophoresis (DGGE) to study the diversity of picoeukaryotes in natural
marine assemblages. Two eukaryote-specific primer sets targeting different regions of the 18S rRNA gene were
tested. Both primer sets gave a single band when used with algal cultures and complex fingerprints when used
with natural assemblages. The reproducibility of the fingerprints was estimated by quantifying the intensities
of the same bands obtained in independent PCR and DGGE analyses, and the standard error of these estimates
was less than 2% on average. DGGE fingerprints were then used to compare the picoeukaryotic diversity in
samples obtained at different depths and on different dates from a station in the southwest Mediterranean Sea.
Both primer sets revealed significant differences along the vertical profile, whereas temporal differences at the
same depths were less marked. The phylogenetic composition of picoeukaryotes from one surface sample was
investigated by excising and sequencing DGGE bands. The results were compared with an analysis of a clone
library and a terminal restriction fragment length polymorphism fingerprint obtained from the same sample.
The three PCR-based methods, performed with three different primer sets, revealed very similar assemblage
compositions; the same main phylogenetic groups were present at similar relative levels. Thus, the prasino-
phyte group appeared to be the most abundant group in the surface Mediterranean samples as determined by
our molecular analyses. DGGE bands corresponding to prasinophytes were always found in surface samples
but were not present in deep samples. Other groups detected were prymnesiophytes, novel stramenopiles
(distantly related to hyphochytrids or labyrinthulids), cryptophytes, dinophytes, and pelagophytes. In conclu-
sion, the DGGE method described here provided a reasonably detailed view of marine picoeukaryotic assem-
blages and allowed tentative phylogenetic identification of the dominant members.
Small phototrophic and heterotrophic eukaryotes between
0.2 and 5 mm in diameter are found throughout the world’s
oceans at concentrations between 102 and 104 cells per ml in
the upper photic zone (6, 23). They constitute an essential
component of microbial food webs and play significant roles in
global carbon and mineral cycles, especially in oligotrophic
parts of the oceans (12, 23). However, the identities of the
eukaryotic picoplankton have remained elusive due to their
small size and the lack of distinctive taxonomic characteristics
(43, 47). Conventional approaches based on morphological
criteria, such as optical, epifluorescence, or electron micros-
copy (5, 36), can barely discriminate between these organisms,
even at the class level. Although informative, analysis of diag-
nostic marker pigments by high-performance liquid chroma-
tography (HPLC) provides information about the composition
of photosynthetic picoplankton populations only at the class
level (20) and appears to be a complementary method that is
useful for gross characterization of populations. Culturing ef-
forts have revealed the presence of novel lineages of hetero-
trophic (17, 50) and phototrophic (4, 18) picoeukaryotic or-
ganisms, but only a small percentage of marine picoeukaryotes
have been grown in culture, and often the cultured organisms
are not dominant in the plankton community (19, 24).
Molecular techniques based on rRNA genes obtained from
natural assemblages have provided new insights into the diver-
sity of marine microbial plankton (2, 41). In particular, cloning
and sequencing of rRNA genes have been very useful for
describing the compositions of marine bacterial (15) and ar-
chaeal (8, 13) assemblages. Similar studies have been per-
formed recently with 18S rRNA eukaryotic genes (9, 27, 35),
and the results suggest that the picoeukaryotic assemblage is
very diverse and that there are many undiscovered taxa. How-
ever, analysis of clone libraries is time-consuming and not
suitable when many different samples are analyzed. This is the
case, for example, in studies focusing on changes in microbial
assemblages exposed to a perturbation or on how the microbial
composition changes along environmental gradients, such as
depth in the water column, gradients across oceanographic
features, or temporal changes with different time scales. A
technique that allows processing of many samples simulta-
neously is necessary for such studies. Fingerprinting tech-
niques, such as denaturing gradient gel electrophoresis
(DGGE) (38, 39) or terminal restriction fragment length poly-
morphism (T-RFLP) analysis (25, 29, 34), offer the best com-
promise between the number of samples processed and the
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information obtained. DGGE, in particular, provides both
rapid comparison data for many communities and specific phy-
logenetic information derived from excised bands (39).
DGGE has been widely used to investigate several patterns
of distribution of marine bacterial assemblages (34, 37, 45, 46),
but this technique has not been applied previously to the ma-
rine picoeukaryotic component. The first application of
DGGE for detection of eukaryotic 18S rRNA genes was a
study of fungal pathogens in coastal plants in which fungus-
specific primers were used (21). A few recent studies have
focused on the whole eukaryotic assemblage by using eu-
karyote-specific primers. These studies involved an analysis of
temporal changes in an activated sludge bioreactor (30), a
comparison of natural assemblages in different freshwater la-
goons (51), and a description of the development of eukaryotic
populations in a mesocosm experiment (52). As noted above,
marine picoeukaryotic assemblages have not been investigated
by DGGE previously.
In this study we examined the diversity of marine picoeu-
karyotes with DGGE by using two sets of primers specific for
eukaryotic 18S rRNA genes. We optimized the conditions for
both primer sets and tested their performance with cultures
and environmental samples. The relative effectiveness of each
set was evaluated by comparing community profiles obtained
from different samples from the Mediterranean Sea. The most
intense DGGE bands from a surface sample were sequenced,
and tentative phylogenetic affiliations of organisms derived
from eukaryotic picoplankton were determined. Finally, the
DGGE results were compared with the results obtained by
using two other molecular, PCR-based methods, gene cloning
and T-RFLP analysis.
MATERIALS AND METHODS
Eukaryotic cultures. Thalassiosira pseudonana (Bacillariophyceae), Het-
erosigma akashiwo (Raphydophyceae), Heterocapsa sp. (Dinophyceae), Platymo-
nas suecica (Prasinophyceae), and Dunaliella primolecta (Chlorophyceae) were
obtained from the culture collection of the Institut de Cie`ncies del Mar, Barce-
lona, Spain. Pelagomonas calceolata (Pelagophyceae) and Nannochloropsis ocu-
lata (Eustigmatophyceae) were obtained from the Provasoli-Guillard National
Center for Culture of Marine Phytoplankton. Cultures were grown in f/2 medium
(16) under continuous light conditions or under a daily regime consisting of 12 h
of light and 12 h of darkness. When cultures reached sufficient biomass (after 7
to 10 days of growth), cells were harvested by filtration on 0.2-mm-pore-size
Durapore filters. The filters were submerged in 2 ml of lysis buffer (40 mM
EDTA, 50 mM Tris-HCl, 0.75 M sucrose), and nucleic acid extraction was
performed immediately.
Marine samples. Samples were collected during two MATER cruises of the
B/O Garcı´a del Cid and B.I.O. Hespe´rides. Samples were obtained from a frontal
upwelling area (station ME-B) located at 36°149N, 4°159W across the Western
Albora´n Sea Gyre (southwest Mediterranean Sea) on 11 November 1997 (sam-
ple ME-B0) and four times in May 1998 (in this study we used only samples
collected on 9 May [ME-B3] and 12 May [ME-B4]). Seawater from different
depths was collected with Niskin bottles attached to a rosette. Microbial biomass
was collected on a 0.2-mm-pore-size Sterivex unit (Durapore; Millipore) by
filtering between 8 and 18 liters of seawater through a 5-mm-pore-size Durapore
prefilter (diameter, 47 mm; Millipore) and the Sterivex unit in succession with a
peristaltic pump, using filtration rates of 50 to 100 ml min21. Each Sterivex unit
was filled with lysis buffer and frozen at 270°C until nucleic acid extraction was
performed in the laboratory.
Nucleic acid extraction. Nucleic acid extraction was performed essentially as
described by Massana et al. (32). For samples from cultures, 0.5-mm-diameter
sterile glass beads were added to tubes containing filters, and the tubes were
vortexed in order to physically disrupt the cells. For all samples, nucleic acid
extraction started with addition of lysozyme (final concentration, 1 mg ml21) and
incubation of the filters at 37°C for 45 min. Then sodium dodecyl sulfate (final
concentration, 1%) and proteinase K (final concentration, 0.2 mg ml21) were
added, and the filters were incubated at 55°C for 60 min. The lysates were
purified twice by extraction with an equal volume of phenol-chloroform-isoamyl
alcohol (25:24:1), and the residual phenol was removed by extraction with an
equal volume of chloroform-isoamyl alcohol (24:1). Finally, nucleic acid extracts
were further purified, desalted, and concentrated with a Centricon-100 concen-
trator (Millipore). The integrity of the total DNA was checked by agarose gel
electrophoresis. The DNA yield was quantified by a Hoechst dye fluorescence
assay (42). Nucleic acid extracts were stored at 270°C until analysis.
PCR. About 10 ng of extracted DNA was used as the template in a PCR in
which eukaryotic 18S ribosomal DNA (rDNA)-specific primers were used. For
DGGE we tested two sets of primers (Table 1): set A (Euk1A and Euk516r-GC),
which amplifies a fragment approximately 560 bp long, and set B (Euk1209f-GC
and Uni1392r), which amplifies a fragment approximately 210 bp long. The PCR
mixtures (50 ml) contained each deoxynucleoside triphosphate at a concentration
of 200 mM, 1.5 mM MgCl2, each primer at a concentration of 0.3 mM, 2.5 U of
Taq DNA polymerase (Gibco BRL), and the PCR buffer supplied with the
enzyme. The PCR program for primer set A included an initial denaturation at
94°C for 130 s, followed by 35 cycles of denaturation at 94°C for 30 s, annealing
at 56°C for 45 s, and extension at 72°C for 130 s. The PCR program for primer
set B included an initial denaturation at 94°C for 1 min and 10 touchdown cycles
of denaturation at 94°C for 1 min, annealing at 65°C (with the temperature
decreasing 1°C each cycle) for 1 min, and extension at 72°C for 3 min, followed
by 20 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 3 min. During the
last cycle of both programs, the length of the extension step was increased to 7
min. An aliquot of the PCR product was electrophoresed in a 0.8% agarose gel,
stained with ethidium bromide, and quantified by using a standard (Low DNA
Mass Ladder; Gibco BRL).
DGGE. DGGE was performed with a DGGE-2000 system (CBS Scientific
Company) as described previously (37, 39, 46). Electrophoresis was performed
with 0.75-mm-thick 6% polyacrylamide gels (ratio of acrylamide to bisacrylam-
ide, 37.5:1) submerged in 13 TAE buffer (40 mM Tris, 40 mM acetic acid, 1 mM
EDTA; pH 7.4) at 60°C. Approximately 600 to 800 ng of PCR product from
environmental samples and 100 ng of PCR product from cultures were applied
to individual lanes in the gel. The following electrophoresis conditions were
TABLE 1. Oligonucleotide sequences used in this study
Primer Sequence (59 to 39) Saccharomyces cerevisiae positions Specificity Reference
Set Aa
Euk1A CTGGTTGATCCTGCCAG 4 to 20 Eukarya 48
Euk516r-GCb ACCAGACTTGCCCTCC 563 to 548 Eukarya 2
Set B
Euk1209f-GCc CAGGTCTGTGATGCCC 1423 to 1438 Eukarya 14
Uni1392r ACGGGCGGTGTGTRC 1641 to 1627 Universal 22
Set C
EukA AACCTGGTTGATCCTGCCAGT 1 to 21 Eukarya 33
EukB TGATCCTTCTGCAGGTTCACCTAC 1795 to 1772 Eukarya 33
a Set A was also used for T-RFLP analysis, using hexachlorofluorescein-labeled Euk1A and Euk516r without the GC clamp.
b The GC clamp sequence is CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGGCACGGGGGG.
c The GC clamp sequence is CGCGCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCG.
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selected based on the results of perpendicular DGGE and time travel experi-
ments (Fig. 1): 16 h at 100 V in a linear 40 to 65% denaturant agent gradient
(100% denaturant agent was defined as 7 M urea and 40% deionized formamide)
for primer set A; and 6 h at 200 V in a 40 to 80% denaturant agent gradient for
primer set B. The gels were stained for 30 min in 13 TAE buffer with SybrGold
nucleic acid stain (Molecular Probes) and visualized with UV radiation by using
a Fluor-S MultiImager and the MultiAnalyst imaging software (Bio-Rad). The
number of operational taxonomic units (OTUs) in each sample was defined as
the number of DGGE bands.
DGGE bands were sequenced after excision from the gel and reamplification.
Briefly, bands were excised, resuspended in 20 ml of MilliQ water, and stored at
4°C overnight. An aliquot of supernatant was used for PCR reamplification with
the original primer set. Between 30 and 50 ng of the reamplified PCR product
was used for a sequencing reaction (with the corresponding forward primer) with
a Thermo Sequenase v.2 kit (Amersham, U.S. Biochemicals) and an ABI PRISM
model 377 (v. 3.3) automated sequencer. The sequences obtained (300 to 400
bases for primer set A and 100 to 200 bases for primer set B) were compared with
public DNA database sequences by using BLAST (1).
Quantitative analysis of DGGE fingerprints. Digitized DGGE images were
analyzed with the Diversity Database software (Bio-Rad) as previously described
(46). This software carries out a density profile analysis for each lane, detects the
bands, and calculates the relative contribution of each band to the total band
intensity in the lane after subtracting a rolling disk background value. Then the
software identifies the bands occupying the same position in the different lanes
of the gel. Two matrices were constructed; the first took into account the pres-
ence or absence of individual bands in all lanes (binary matrix), and the second
FIG. 1. (A) Negative image of a perpendicular DGGE gel with PCR products obtained with primer set A from different algal cultures (P.
calceolata, T. pseudonana, and P. suecica) and electrophoresed at 100 V for 16 h. (B) Time course separation of PCR products obtained with primer
set A from an algal culture (P. suecica) and marine sample ME-B0. Samples were electrophoresed for 3, 5, 8, 11, 14, 16, and 18 h at 100 V. (C)
Same as panel A but with PCR products amplified with primer set B. The electrophoresis conditions were 200 V for 6 h. (D) Same as panel B but
with PCR products amplified with primer set B. Samples were electrophoresed for 2, 3, 4, 5, 6, 7, and 8 h at 200 V.
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incorporated the percentage of the intensity for each band based on the total
intensity in the lane (intensity matrix). The binary matrix was used to calculate a
similarity matrix with the Jaccard coefficient of similarity, and the intensity matrix
was used to calculate a distance matrix with Euclidean distances. Both matrices
were then used to construct a nonmetric multidimensional scaling (NMDS)
diagram with the software SYSTAT 5.2.1. Such a diagram places each sample at
a point in a plane (with dimensions of no special significance) so that very similar
samples are plotted close together. By connecting consecutive data points (for
instance, consecutive samples from a vertical profile), relative changes in the
community structure can be visualized and interpreted (52).
T-RFLP analysis. The PCR for T-RFLP analysis was performed with primer
set A (Table 1) and the corresponding PCR program, except that primer Euk1A
was 59 labeled with hexachlorofluorescein (Operon Technologies) and primer
Euk516r did not have the GC clamp. Fluorescently labeled PCR products were
purified by using Wizard PCR purification columns (Promega). Purified PCR
products were digested separately with restriction enzymes HhaI, MspI, and RsaI
(Boehringer Mannheim Biochemicals). Terminal restriction fragments (TRFs)
were resolved by electrophoresis at 3,000 V for 14 h in a denaturing 6% acryl-
amide gel (ratio of acrylamide to N,N-methylenebisacrylamide, 19:1) with an
ABI PRISM model 373 automated sequencer. The sizes of TRFs were deter-
mined with the software GeneScan 2.1 at 1-bp resolution by using the size
standard TAMRA-2500 (ABI), and the intensity of each TRF was measured
using the peak area. The number of TRFs corresponded to the number of OTUs
in each sample. TRF length predictions were made for most of the eukaryotic
organisms by using complete sequences extracted from the Ribosomal Database
Project (28) and the pattern-searching algorithm PatScan (10). The values ob-
tained were used to identify the putative phylogenetic affiliations of the measured
peaks. In cases in which the experimental fragment corresponded to several
possible organisms, a most likely candidate was indicated when there were other
supporting data.
Cloning and sequencing of 18S rDNA. PCR was performed with primer set C
(Table 1), which amplified almost the entire 18S rRNA gene. The PCR program
involved an initial denaturation at 94°C for 3 min, 30 cycles of denaturation at
94°C for 45 s, annealing at 55°C for 1 min, and extension at 72°C for 3 min, and
a final extension at 72°C for 5 min. The PCR product was used to construct a
clone library with a TA cloning kit (Invitrogen). The presence of an 18S rDNA
insert was confirmed by PCR reamplification with the same primers. Positive
amplification products of the right size were digested with restriction enzyme
HaeIII (Gibco BRL). The resulting restriction fragment length polymorphism
(RFLP) products were separated by electrophoresis in a 2.5% low-melting-point
agarose gel at 80 V for 2 to 3 h. Clones with the same RFLP pattern (same bands
at the same positions) were considered members of the same OTU. At least one
clone representative of each OTU was partially sequenced with an ABI PRISM
model 377 (v. 3.3) automated sequencer.
RESULTS
DGGE optimization. We optimized the use of two sets of
eukaryotic 18S rDNA-specific primers. First, the four primers
were checked against a database of about 4,000 eukaryotic
sequences containing the whole 18S rDNA gene (more than
1,649 bases), and they gave very good results. The percentages
of sequences having no mismatch and one mismatch with the
primers were 79 and 93% for Euk1A, 87 and 96% for Euk516r,
90 and 99% for Euk1209f, and 96 and 98% for Uni1392r,
respectively. Moreover, in most cases no consistent bias against
any phylogenetic eukaryotic entity was identified; the only ex-
ceptions were the Cercomonas group with primer Euk1A and
the Tetrahymena group with primer Euk516r. Second, the spec-
ificity of the primers was investigated by PCR by using as the
templates DNA extracts of several marine algal cultures of
organisms that belonged to the classes Pelagophyceae, Eustig-
matophyceae, Bacillariophyceae, Chlorophyceae, Prasino-
phyceae, Raphydophyceae, and Dinophyceae. These cultures
always yielded positive PCR amplification results with both
sets of primers, whereas several bacterial and archaeal DNA
extracts did not (data not shown). Third, a perpendicular
DGGE analysis of a mixture of PCR products from three
cultures (P. calceolata, T. pseudonana, and P. suecica) was
performed to determine an appropriate gradient of denaturant
concentrations for each primer set. At a denaturant concen-
tration range of 50 to 55%, the fragments obtained with primer
set A displayed reduced mobility (Fig. 1A), whereas with
primer set B the three PCR products melted at 65 to 70%
denaturant (Fig. 1C). We thus determined that the optimal
denaturant gradient was 40 to 65% for primer set A and 40 to
80% for primer set B. Fourth, we performed time travel ex-
periments with PCR products from a culture (P. suecica) and a
natural sample (ME-B0) to determine the optimal electro-
phoresis time. PCR products obtained with primer set A were
loaded into a gel every 2 to 3 h for 18 h and electrophoresed at
100 V (Fig. 1B). After 11 h bands were clearly defined and
showed reduced mobility. PCR products obtained with primer
set B were loaded into a gel every 1 to 2 h for 8 h and
electrophoresed at 200 V (Fig. 1D). After 3 h the bands were
clearly defined, but in this case the bands migrated continu-
ously and did not show reduced mobility. Thus, the electro-
phoresis conditions used were 100 V for 16 h with primer set A
and 200 V for 6 h with primer set B.
Once the optimal conditions for electrophoresis were de-
fined for both primer sets, the performance of DGGE was
tested further with the collection of algal cultures available
(Fig. 2). The DGGE gel obtained indicated that each culture
produced a single dominant band that appeared at a different
position in the gel, indicating the potential of the primers to
resolve different phylotypes. Some cultures produced addi-
tional bands, but the intensities of these bands were always
much lower than the intensity of the dominant band.
Fingerprinting of natural assemblages. We used DGGE
with primer set A (Fig. 3A) and primer set B (Fig. 3B) to
compare the picoeukaryotic assemblages from 13 southwest
Mediterranean Sea samples taken at the same station at dif-
ferent depths and on different dates. Each sample produced a
complex fingerprint composed of a large number of bands; 33
to 45 bands at the surface (0 to 100 m) and 20 to 28 bands at
depth (250 and 500 m) were obtained with primer set A, and 10
to 17 bands at the surface and approximately 20 bands at depth
(250 to 500 m) were obtained with primer set B. Some bands
were unique to surface samples, whereas other bands were
obtained only with deep samples. With both sets of primers the
fingerprints obtained for the surface samples were similar and
FIG. 2. DGGE fingerprints of algal cultures amplified with primer
set A (A) and primer set B (B). The following cultures were tested:
lane 1, P. calceolata; lane 2, N. oculata; lane 3, T. pseudonana; lane 4,
D. primolecta; lane 5, P. suecica; lane 6, H. akashiwo; lane 7, Hetero-
capsa sp.
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the fingerprints obtained for the deep samples were similar,
and there were clear differences when surface and deep fin-
gerprints were compared.
The data in the DGGE gels shown in Fig. 3 were extracted
by image analysis, which resulted in a binary matrix (presence
or absence of bands in different samples) and an intensity
matrix (binary matrix information plus band intensity informa-
tion). Using intensity matrices for comparative purposes re-
quires reproducibility of band patterns. To test reproducibility,
we selected the most intense bands from sample ME-B0 and
determined the relative intensities of these bands in several
DGGE fingerprints obtained after different PCRs and from
different DGGE gels. As Fig. 4 shows, the intensities of these
bands were always very reproducible; the average standard
errors were 0.9% (n 5 5) and 1.3% (n 5 4) for bands obtained
with primer sets A and B, respectively. The binary and intensity
matrices were then used in an NMDS analysis for statistical
comparison of the different samples (Fig. 5). The NMDS anal-
ysis showed that the samples grouped together primarily ac-
cording to their positions in the water column. Thus, surface
samples obtained on different dates appeared to be similar,
and a cluster that included samples obtained in November
1997 and May 1998 was formed. Similarly, deep samples that
were obtained at depths of 250 and 500 m formed another
cluster that was clearly separated from surface samples. This
distribution pattern was observed when we analyzed the data
obtained with both primer sets and considered the two types of
matrices. However, the results obtained when we used the
binary matrix with both primer sets appeared to be more con-
sistent with expectations of gradual change along a vertical
profile; the differences between consecutive depths in the ver-
tical profiles were more gradual, and both vertical profiles
changed more in parallel.
Identification of picoeukaryotic populations. The potential
of DGGE for identifying picoeukaryotic populations was ad-
dressed by sequencing DGGE bands of the ME-B0 sample.
We sequenced 11 bands obtained with primer set A (Fig. 3A)
that accounted for 70% of the total band intensity and 11
bands obtained with primer set B (Fig. 3B) that accounted for
84% of the total band intensity. The closest matches (and
percentages of similarity) for the sequences retrieved were
determined by a BLAST search (Table 2). The number of
bases used to calculate each similarity value is also shown in
Table 2 as an indication of the quality of the sequence. The
most intense bands in the profiles obtained with both primer
sets corresponded to the prasinophytes Mantoniella squamata
FIG. 3. DGGE fingerprints of picoeukaryotic assemblages ob-
tained at station ME-B (southwest Mediterranean Sea) at different
times (ME-B0, 11 November 1997; ME-B3, 9 May 1998; ME-B4, 12
May 1998) and at different depths (5 to 500 m). The fingerprints were
obtained with primer set A (A) and primer set B (B). Bands from
sample ME-B0 that were sequenced are indicated on the left side of
each gel.
FIG. 4. Averages and standard errors of intensity values for
DGGE bands of sample ME-B0 as quantified from separate PCR and
DGGE analyses with primer set A (A) (n 5 5) and primer set B (B)
(n 5 4). Where error bars are not visible, the error was smaller than
the symbol.
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(bands A7, B1, and B6 [Fig. 3 and Table 2]) and Ostreococcus
tauri (bands A8, B3, B5, and B7) and to the appendicularian
Oikopleura sp. (bands A9 and B9). Several other groups, such
as prymnesiophytes (bands A5 and B4), cryptophytes (band
A11), ciliates (bands A6, B10, and B11), dinophytes (band B2),
and novel stramenopile groups closely related to labyrinthulids
and hyphochytrids (bands A1 to A4), were also represented.
Many of these groups are known to include organisms which
are very small, and thus the sequences obtained probably be-
long to true picoeukaryotes. In other cases, such as ciliates and
especially an appendicularian and a copepod, the presence of
the organisms in the sample analyzed was obviously the result
of inefficient prefiltration. Finally, only eukaryotic sequences
were recovered, indicating that the two primer sets were very
specific.
These results provided the identities of the most intense
bands in the ME-B0 sample. This in turn permitted these
phylotypes to be monitored along the vertical profiles in the
Mediterranean Sea study (Fig. 3). Thus, bands corresponding
to prasinophytes (especially bands A7, A8, B5, and B6) were
detected at depths from the surface down to 50 m (sometimes
down to 100 m) in both years, but they were absent at depths
of 250 and 500 m. Some other bands, such as those correspond-
ing to ciliates (bands A6, B10, and B11), seemed to be present
at practically all depths. Something similar occurred with the
band associated with a dinophyte (band B2), which was present
at practically all depths. The intensity of this band increased
with depth, and it was very intense at 250 to 500 m. Finally, the
intense band corresponding to Oikopleura sp. (bands A9 and
B9) was not found in the other samples, confirming that its
presence was a prefiltration artifact that occurred only with the
ME-B0 sample.
FIG. 5. NMDS diagrams relating the picoeukaryotic assemblages
in ME-B samples on the basis of the DGGE gels shown in Fig. 3.
NMDS diagrams were calculated from fingerprints obtained with
primer set A using the intensity (A) and binary (C) matrices and from
fingerprints obtained with primer set B using the intensity (B) and
binary (D) matrices. On each diagram the grey circle corresponds to
sample ME-B0, the solid circles correspond to ME-B3 samples, and
the open circles correspond to ME-B4 samples. Solid and dashed lines
join the data for the ME-B3 and ME-B4 samples, respectively, ob-
tained from the surface (5 m) to a depth of 500 m. Only bands that
accounted for at least 1% of the intensity in a lane were used in this
analysis.
TABLE 2. Sequence similarities of excised eukaryotic bands that appear in Fig. 3
Band Intensity (%) Most closely related organism % sequence similarity(no. of bases)a Taxonomic group
Set A
A1 6 Thraustochytrium multirudimentale 91 (484) Stramenopiles
A2 3 Thraustochytrium multirudimentale 89 (424) Stramenopiles
A3 1 Thraustochytrium multirudimentale 92 (270) Stramenopiles
A4 3 Thraustochytrium multirudimentale 93 (432) Stramenopiles
A5 3 Unidentified prymnesiophyte 89 (88) Prymnesiophytes
A6 3 Oxytricha sp. 90 (67) Ciliophora
A7 16 Mantoniella squamata 96 (269) Prasinophytes
A8 14 Ostreococcus tauri 90 (407) Prasinophytes
A9 19 Oikopleura sp. 98 (422) Appendicularians
A10 9 Calanus sp. 95 (489) Copepoda
A11 2 Geminigera cryophila 90 (285) Cryptophytes
Set B
B1 1 Mantoniella squamata 93 (90) Prasinophytes
B2 3 Prorocentrum sp. 94 (114) Dinophytes
B3 3 Ostreococcus tauri 86 (122) Prasinophytes
B4 5 Unidentified prymnesiophyte 91 (33) Prymnesiophytes
B5 11 Ostreococcus tauri 95 (172) Prasinophytes
B6 11 Mantoniella squamata 97 (187) Prasinophytes
B7 5 Ostreococcus tauri 89 (193) Prasinophytes
B8 7 Pelagomonas calceolata 89 (169) Pelagophytes
B9 34 Oikopleura sp. 96 (191) Appendicularians
B10 2 Oxytricha sp. 91 (65) Ciliophora
B11 2 Strombidium sp. 81 (141) Ciliophora
a The numbers in parentheses are the numbers of bases used to calculate the levels of sequence similarity.
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Comparison with other molecular techniques. The phyloge-
netic composition of the picoeukaryotic assemblage in sample
ME-B0 was also investigated by two other molecular tech-
niques. The first technique was analysis of a clone library
constructed with primer set C (Table 1), and the results are
described in the accompanying paper (9). Ninety-nine eukary-
otic clones in this library were analyzed by the RFLP method
with HaeIII, and at least one representative of each of the 29
OTUs obtained was sequenced. The second technique was
analysis of a T-RFLP fingerprint obtained with modified
primer set A (Table 1) and assignment of the TRFs to phylo-
genetic entities by comparison with a computer-simulated re-
striction analysis of sequences in the database. Analyses of the
results of three restriction digestions were performed, but only
results obtained with HhaI are presented here since this en-
zyme gave more TRFs (19 different fragments) and the phy-
logenetic assignments were the least ambiguous. Whereas
cloning and sequencing are very time-consuming but very in-
formative, analysis of TRFs is fast but the phylogenetic assign-
ments are only tentative. Similar numbers of OTUs (between
14 and 29 of OTUs) were detected with the three techniques
(Table 3), which is remarkable since the definition of OTU was
different for each technique. Moreover, the three techniques
identified the same phylogenetic groups, and when the relative
abundance of each group in the PCR pool was quantified (by
estimating the percentage of total DGGE band intensity, the
percentage of clonal representation, and the percentage of the
total peak area for each TRF), the results were reasonably
consistent (Table 3).
All three techniques showed that the appendicularian Oiko-
pleura sp. sequence was one of the most abundant 18S rDNA
sequences in the sample; this sequence accounted for 19 and
34% of the total as estimated by DGGE with two primers sets,
36% of the total as estimated by clonal representation, and
27% of the total as estimated by the peak area percentage of
the 195-bp fragment (Table 3). Two DGGE bands obtained
with primer set A (accounting for 30% of the band intensity)
and up to five DGGE bands obtained with primer set B (31%
of the band intensity) were affiliated with the prasinophytes M.
squamata and O. tauri. In the genetic library, 16% of the clones
(distributed in three OTUs) were affiliated with the same two
organisms. The T-RFLP analysis detected 418- and 420-bp
TRFs, each representing 12% of the total fluorescence. The
sizes of these TRFs were the sizes expected for O. tauri and M.
squamata. Another important group in the clone library was a
set of sequences (12% of the total) that formed novel lineages
in the stramenopile group distantly related to the labyrinthu-
lids and hyphochytrids (9). Similar sequences were detected by
DGGE with primer set A (bands A1 to A4; 13% of the inten-
sity) but were not detected by the other techniques. However,
it must be noted that a significant fraction of the PCR product
analyzed by the DGGE and T-RFLP techniques could not be
identified (Table 3), and part of this fraction could account for
these sequences. Several other groups, such as the dinophytes,
prymnesiophytes, cryptophytes, ciliates, eustigmatophytes, di-
atoms, and pelagophytes, were detected by two or three of the
techniques, and the level of these groups was always minor
(Table 3). As an example of the conclusion that T-RFLP anal-
ysis results cannot be used for phylogenetic identification, the
430-bp TRF (8% of the intensity) was produced by the ciliate
Oxytricha granulifera and the diatom Skeletonema costatum,
and the 433-bp TRF (4% of the intensity) was produced by the
eustigmatophyte Nannochloropsis sp. and the diatom Papilio-
cellulus elegans. This has been pointed out previously for pro-
karyotes (29, 31).
We performed a final check to directly compare the results
obtained for the ME-B0 sample with DGGE and the clone
library. Clones belonging to different OTUs and the ME-B0
sample were amplified by using primer set A and electropho-
resed together in a DGGE gel (Fig. 6). The products from the
amplified clones loaded to the right of the ME-B0 sample
(novel stramenopiles, Prymnesium, Strombidium, Mantoniella,
Ostreococcus, and Oikopleura) migrated to the same position in
the gel as the community-derived DGGE bands having the
same sequences (Fig. 6). This expected coincidence supported
the results obtained by sequencing of the DGGE bands and the
conclusion that different primers amplify the same sequences.
On the other hand, clones loaded to the left of the ME-B0
sample (Nannochloropsis, Geminigera, Heterocapsa, Skeletonema,
and Papiliocellulus) migrated to positions in the gel where
TABLE 3. Relative levels of several eukaryotic groups in sample ME-B0 as estimated by different molecular methods, including DGGE band
intensity determined with two primers sets, clonal representation in a genetic library, and TRF peak intensity
Taxon
% of total in the following analyses:
DGGE analysis with
primer set A (n 5 29)a
DGGE analysis with
primer set B (n 5 14)
Library analysis with
primer set C (n 5 29)
HhaI T-RFLP analysis with
primer set A (n 5 19)
Oikopleura sp. 19 34 36 27 (195)b
Prasinophyceae 30 31 16 24 (418, 420)
Prymnesiophyceae 3 5 1 1 (280)
Pelagophyceae 7 1 1 (442)
Ciliophora 3 4 5 0–8 (430)c
Eustigmatophyceae 2 0–4 (433)c
Dinophyceae 3 1
Cryptophyceae 2 3
Diatoms 6 0–12 (430, 433)c
Novel stramenopiles 13 12
Not assigned 30 16 16 35
a n is the number of OTUs identified.
b The numbers in parentheses are the sizes of the corresponding TRFs (in base pairs).
c The fragment(s) was produced by more than one phylogentic group.
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there were several bands in the ME-B0 sample that could not
be reamplified and/or sequenced.
DISCUSSION
Planktonic picoeukaryotes are widely distributed in the pho-
tic zone in marine systems. They form a heterogeneous assem-
blage composed of small flagellated or coccoid algae and small
heterotrophic flagellates. Direct identification of marine pi-
coeukaryotes by microscopy is problematic because of their
small sizes. Fortunately, diversity studies of picoeukaryotes can
take advantage of the approaches used with marine pro-
karyotes (2, 41) since they can be similarly collected and pro-
cessed by culture-independent techniques. The resulting envi-
ronmental DNA extracts can be analyzed by an array of
molecular techniques. Recent analysis of marine picoeu-
karyotes by gene cloning and sequencing (9, 27, 35) has indi-
cated that the diversity of this assemblage is rather high and
that this group includes organisms belonging to very different
groups, some of which represent new and underscribed phylo-
genetic lineages. Here we describe the use of DGGE to com-
pare the structures and compositions of different marine pi-
coeukaryotic assemblages.
It is well known that quantification of organisms by PCR-
based methods presents many uncertainties (53). Some biases
may be due to differences in rRNA gene copy number (11),
and this could be especially important for eukaryotic organisms
that may contain up to several thousand copies of the rRNA
gene (26). During PCR some phylotypes can be amplified
preferentially due to preferential priming or differences in
elongation rates between amplicons. Another bias can occur
when the PCR includes many cycles; according to the kinetic
model, when the number of cycles is increased, there is a
tendency for the different amplicons to reach equimolarity
(49). All of these potential biases can change the relative con-
centrations of PCR products so that the resulting profile of
phylotypes no longer reflects the composition of the native
community. In this study we attempted to quantify the relative
levels of several picoeukaryote populations in one sample. In
order to have a control for PCR biases, we compared the
results obtained with three different approaches (DGGE, T-
RFLP analysis, and gene cloning) using three different primer
sets and different PCR protocols. The accidental presence of
rDNA of Oikopleura in ME-B0 was used to illustrate relative
quantitation of a single population with these different ap-
proaches. Thus, the relative levels of this rDNA were 19 and
34% as estimated by DGGE, 36% as estimated by clone library
analysis, and 27% as estimated by T-RFLP analysis. These
values were reasonably comparable considering the substantial
technical differences among the three approaches. Note that
the greatest difference occurred with the different primer sets
used in the DGGE analysis. Moreover, a more exhaustive
analysis of all the data revealed that the same phylotypes, at
similar relative levels, were detected with the different tech-
niques.
Fingerprinting techniques, such as DGGE and T-RFLP
analysis, allow easy and quick comparison of profiles from
related microbial assemblages and are now used in many eco-
logical studies (25, 29, 34, 39). An advantage of DGGE is that
selected bands can be sequenced, and thus, the presence of a
particular phylotype can be monitored in the environmental
samples studied. However, sequences obtained from DGGE
bands are short (less than one-third the total length of small-
subunit rRNA) and of variable quality. The shorter the se-
quence derived from DGGE fragments, the less refined the
phylogenetic inference. Regarding the quality of the se-
quences, character ambiguities for directly sequenced PCR
amplification products probably arise from amplification of
different phylotypes with very similar electrophoretic mobili-
ties. While these ambiguities do not prohibit identification with
BLAST, the number of informative characters decreases in
proportion to the number of ambiguities. One way to obtain
cleaner sequences would be to clone excised bands and analyze
several of the clones, but this would be prohibitively laborious
when complex communities are analyzed. Therefore, as
pointed out previously (7, 39), sequencing of DGGE bands is
sufficient to determine broad phylogenetic affiliations but in-
adequate to perform a precise phylogenetic analysis.
We used two primer sets for DGGE in order to measure
reliability. These primer sets amplify nonoverlapping regions
of the 18S rRNA gene; set A amplifies a region between
positions 4 and 563, including variable regions V1 to V3 (40),
and set B amplifies a region between positions 1423 and 1641,
including variable region V8. Primer set B amplifies the same
region as a primer set described previously (51), but the prim-
ers are not the same. When tested with pure cultures, both sets
FIG. 6. DGGE fingerprints obtained with primer set A for the
ME-B0 sample and several clones from the genetic library obtained
from the same sample. The clone names are the names of the most
closely related organisms in the database (levels of similarity are given
in parentheses) found in a BLAST search. The lanes to the right of the
ME-B0 sample contained clones representing phylotypes that have
been retrieved by sequencing DGGE bands (indicated by arrowheads).
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were found to be specific for eukaryotic organisms and gave a
single DGGE band, and when applied to environmental sam-
ples, they gave complex and reproducible fingerprints. The
number of bands obtained with natural samples with set A (20
to 45 bands) was higher than the number of bands obtained
with set B (10 to 22 bands). This could have been due to the
fact that set B amplifies a smaller fragment with less sequence
variability. Based on our results, there are at least two reasons
to recommend using primer set A: it amplified a much larger
DNA fragment and provided more phylogenetic information,
and time travel experiments indicated that this primer set per-
formed better.
The fingerprints obtained by the DGGE method were used
to examine the similarity of a group of samples with NMDS
diagrams calculated from binary and intensity matrices. The
fact that the intensity of DGGE bands was reproducible ar-
gued in favor of using the intensity matrix for such analyses. In
fact, this is what we proposed in a previous study in which
marine bacterial assemblages were compared (46). However,
the results for picoeukaryotes appeared to be better when the
binary matrix was used (Fig. 5). This was due to the random
presence in some samples of very intense bands corresponding
to larger eukaryotic organisms, such as Oikopleura in sample
ME-B0 or a copepod in sample ME-B3 obtained at 250 m (the
lower, dominant band in the fingerprint [Fig. 3A]). The pres-
ence of these bands, which obviously did not correspond to
picoeukaryotes, revealed that prefiltration did not always work
perfectly. These bands could dominate the grouping of samples
when the intensity matrix was used but were less influential
when the binary matrix was used. This explains why the ME-B0
sample (which produced the intense Oikopleura band) always
grouped better with the other surface samples when the binary
matrix was used.
The picoeukaryotic diversity as measured by the different
techniques appeared to be great; numerous OTUs and widely
separated phylogenetic groups were detected (Table 3). The
clone library provided a detailed list of the phylotypes present
in sample ME-B0 that could be compared with the sequences
obtained from DGGE bands and the database of terminal
fragments. The prasinophyte group appeared to be the most
abundant group, suggesting that these organisms are important
components of marine picoplankton in Mediterranean waters.
Significant levels of prasinophytes in other open ocean and
coastal environments were detected in libraries of 18S rDNA
genes (9, 35), in an analysis of plastidic clones of a bacterial
16S rDNA library (44), by HPLC pigment analysis (20), and by
electron microscopy (5). Other groups detected in the clone
library, such as prymnesiophytes, pelagophytes, and novel stra-
menopiles, were also identified by sequencing DGGE bands.
In addition, clones belonging to groups not retrieved from
DGGE bands, such as diatoms, cryptophytes, dinophytes, and
eustigmatophytes, migrated to positions where several DGGE
bands were not sequenced (Fig. 6), indicating that these groups
could be represented in the unsequenced bands. Finally, we
examined the ME-B0 sample by performing an HPLC analysis
of pigments, a PCR-independent approach. This analysis at-
tributed a high proportion of the phototrophic fraction to
chlorophyll b-containing algae, including prasinophytes (M.
Latasa, personal communication). Smaller amounts of pig-
ments found in prymnesiophytes and cryptophytes were also
detected by HPLC. Although the HPLC data were prelimi-
nary, they agreed with the molecular results.
In conclusion, we demonstrated that the combination of 18S
rDNA community library sequencing and molecular finger-
printing is as revealing for picoeukaryotic communities as it is
for prokaryotic communities. Similar phylogenetic groups at
comparable relative levels were recovered by three different
molecular approaches. Moreover, differences in community
structure could be easily discerned with both DGGE and T-
RFLP analysis. Direct application of these approaches to anal-
ysis and comparison of eukaryotic picoplankton assemblages
should prove to be profitable.
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